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1. Introduction
The power conversion efficiency in organic solar cells (OSCs) depends in a complex way on several 
parameters, i.e., (i) the fraction of the solar spectrum that is absorbed in the cell, (ii) the prob-ability that an absorbed 
photon creates a Coulomb-bound pair of charge carriers,(iii) the internal electric field needed to dissociate that 
electron–hole pair (eh-pair), (iv) the fraction of charge car-riers that escapes bimolecular recombina-tion before 
reaching the electrodes, and (v) the contact resistance that can impede charge extraction at the electrodes.[1–3] A 
measure of the fraction of the photo-generated charges that are actually collected at the electrodes is the fill factor 
(FF).[4–11] Its value thus directly reflects the mechanism of charge carrier genera-tion, which is a controversially 
discussed issue in the organic photovoltaic (OPV) community. By definition, the FF gives an indication on the voltage 
dependence of the photo current in the range between zero applied voltage and the open-circuit voltage.
Traditional models for the photogeneration of charges,[12] and thus also for the photocurrent–voltage (JV) curves, have 
always taken into account that an electric field is needed to dissociate the interfacial eh-pair, be it in bulk heterojunc-
tion (BHJ)[8,13] or in planar heterojunction (PHJ)[14,15] solar cells. This implies that the inverse process, geminate recom-
bination (GR), plays a role in controlling the shape of the  JV-curves. The significant influence of electric field 
assisted dissociation and, conversely, geminate recombination has been well established experimentally for both PHJ 
cells[16,17] and BHJ cells.[18–20] In recent years, however, there has been an increasing number of reports demonstrating 
that device performance, and concomitantly the FF, is dominated by non-geminate recombination (NGR) processes such 
as Langevin or Shockley–Read–Hall-type recombination.[21–26] Moreover, the appearance of an s-shaped kink in the JV-
curves of PHJ cells has been associated with the prevalence of NGR, provided that injection or extraction barrier effects can 
be excluded.[27,28]  The NGR is considered to arise from charge accumulation  at the heterojunction interface.[24] What 
causes a significant 
Monomolecular and Bimolecular Recombination of Electron–
Hole Pairs at the Interface of a Bilayer Organic Solar Cell
Tobias Hahn, Steffen Tscheuschner, Frank-Julian Kahle, Markus Reichenberger,  
Stavros Athanasopoulos, Christina Saller, Guillermo C. Bazan, Thuc-Quyen Nguyen, 
Peter Strohriegl, Heinz Bässler, and Anna Köhler
While it has been argued that field-dependent geminate pair recombina-tion (GR) is important, this process is often 
disregarded when analyzing the recombination kinetics in bulk heterojunction organic solar cells (OSCs). 
To differentiate between the contributions of GR and nongeminate recom-bination (NGR) the authors study bilayer OSCs 
using either a PCDTBT-
type polymer layer with a thickness from 14 to 66 nm or a 60 nm thick 
p-DTS(FBTTh2)2 layer as donor material and C60 as acceptor. The authors measure JV-characteristics as a function of
intensity and charge-extraction-by-linearly-increasing-voltage-type hole mobilities. The experiments have been
complemented by Monte Carlo simulations. The authors find that fill factor (FF) decreases with increasing donor layer
thickness (Lp) even at the lowest light intensities where geminate recombination dominates. The authors inter-pret this in
terms of thickness dependent back diffusion of holes toward their siblings at the donor–acceptor interface that are already
beyond the Langevin capture sphere rather than to charge accumulation at the donor–acceptor interface. This effect is
absent in the p-DTS(FBTTh2)2 diode in which the hole mobility is by two orders of magnitude higher. At higher light
intensities, NGR occurs as evidenced by the evolution of s-shape of the JV-curves and the concomitant additional decrease
of the FF with increasing layer thickness.
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contribution of either geminate or nongeminate recombi-
nation, and which factors determine the relative weight of 
both recombination pathways has been addressed by a few 
groups.[19,29–34] These groups find distinct branching ratios 
between GR and NGR that change with film morphology, so 
that it can be influenced by appropriate processing conditions. 
Nevertheless, a microscopic understanding of what controls 
these recombination pathways is still lacking.
Here we have analyzed JV-curves of PHJ cells made with 
different donor layer thicknesses (Lp) from 14 to 66 nm cov-
ered by a 30 nm thick C60 layer as acceptor, sandwiched 
between ITO/MoO3 and Al electrodes. The donor material 
PCZ0.3 is a statistical low bandgap copolymer of the PCDTBT 
family shown in Figure 1. For brevity, we shall refer to it as 
PCDTBTstat. The results are compared to PHJ cells employing 
the molecular donor p-DTS(FBTTh2)2. We show that the 
branching ratio between GR and NGR depends not only on 
operational parameters such as light intensity and electric field 
but also on device parameters such as film thickness. Using 
Monte Carlo (MC) simulations we illustrate how, close to the 
open-circuit condition, not only nongeminate recombination, 
but also the rate of geminate recombination depends on the 
competition between diffusive motion toward the collecting 
electrode and toward the sibling countercharge. The role of 
mobility and delocalization of charges is discussed. These 
results advance our microscopic understanding of the charge 
generation process which is the basis for the fabrication of 
efficient solar cells.
Figure 1. a) Chemical structure of the polymeric PCDTBTstat and the oligomeric p-DTS(FBTTh2)2 donor materials and b) the absorption coefficients of 
PCDTBTstat (gray diamonds), p-DTS(FBTTh2)2 (black squares) and C60, measured from a 30 nm thick film. c) The current–response curves obtained 
in an MIS-CELIV measurement for PCDTBTstat and for p-DTS(FBTTh2)2, as well as the response of the samples when no offset is applied (gray line). 
The extracted mobilities are given in the figure. d) The current as a function of applied voltage under AM1.5 sun light conditions for a bilayer cell 
with 66 nm of PCDTBTstat donor and for an identical bilayer cell made with 60 nm of p-DTS(FBTTh2)2 as donor. e) The photocurrent obtained from 
(d) replotted as a function of internal field.
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Under illumination, the highest short circuit current 
jSC, 2.2 mA cm−2, is obtained for the thinnest diode using broad
band excitation at air mass 1.5 (AM1.5), shown in Figure 2b. 
Considering that in a bilayer OSC only excitations generated 
within a 5–10 nm exciton diffusion range to the bilayer con-
tribute to the photocurrent, this is a remarkably high value. 
The short circuit current decreases slightly when the thick-
ness Lp of the polymer layer increases, approaching a value of 
1.5 mA cm−2 for the diode with Lp = 66 nm. More importantly,
with increasing thickness of the donor layer the JV-curves 
acquire an s-shape character. Since the only variable param-
eter of the diodes is the thickness of the donor layer it appears 
straightforward to associate the evolution of the s-shape char-
acter of the JV-curves upon increasing Lp with charge carrier 
2. Results
Tress et al. suggested that mobility imbalance between electron 
and holes would be a major factor contributing to an s-shape 
in the JV-characteristics of PHJ cells.[27] In order to probe this 
hypothesis and to illustrate its effect we measured the JV-char-
acteristics of two bilayer diodes, each made with a 60–66 nm 
thick low bandgap donor layer covered by a 30 nm thick C60 
acceptor layer sandwiched between an ITO/MoO3 anode and 
an Al cathode. The chemical structures and absorption spectra 
of the donor materials, i.e., the molecule p-DTS(FBTTh2)2 and 
the polymer PCDTBTstat, are shown in Figure 1a,b. Both mate-
rials form suitable heterojunctions with C60, since C60 has 
HOMO and LUMO levels of −6.4 and −3.7 eV, while the corre-
sponding values for the donors are −5.12 and −3.34 eV for the 
p-DTS(FBTTh2)2 and −5.2 and −2.9 eV for PCDTBTstat.[35–40] A 
key difference between the two materials is their hole mobility. 
We used the metal–insulator–semiconductor charge-extraction-
by-linearly-increasing-voltage (MIS-CELIV) approach to deter-
mine specifically the hole mobility in each donor (Figure 1c). For
p-DTS(FBTTh2)2, we obtain a value of 1.4 ± 0.5 × 10−4 cm2 V−1 s−1, 
while only 2.3 ± 0.5 × 10−6 cm2 V−1 s−1 are obtained for the hole 
mobility in PCDTBTstat. The latter value is about three orders of 
magnitude lower than the electron mobility in C60, which is in 
the range of 10−3–10−2 cm2 V−1 s−1.[41] Indeed, under AM1.5 illu-
mination (Figure 1d), the JV-characteristics of the bilayer diode 
with the PCDTBTstat is s-shaped with a fill-factor of merely 
22%, in contrast to the diode with p-DTS(FBTTh2)2, that has a 
fill-factor of 67%. This difference is also evident when replot-
ting the JV-curves as field dependence of the photocurrent  
(Figure 1e), as described further below. While these data clearly 
confirm the notion that the magnitude of hole mobility has 
an important bearing of the diode performance, it is not fully 
understood how this relates to the underlying microscopic 
mechanism.
To address the microscopic reason, we consider the 
JV-curves of the bilayer as a function of the layer thickness of 
the donor for the PCDTBTstat (Figure 2), in the dark as well as 
both for broadband excitation at AM1.5 (100 mW cm−2) and for 
monochromatic excitation. The thickness of the C60 acceptor 
layer was kept at 30 nm while the donor layer thickness was 
varied from 14 to 66 nm. The dark current characteristics for 
the diodes (Figure 2a) are a superposition of an ohmic leakage 
current that is symmetric about V = 0 V and an injection cur-
rent that increases steeply with voltage above ≈ 0.6 V and with 
decreasing thickness of the donor layer. This strong voltage 
dependence of the forward current on the donor thickness is 
an indication that it is controlled by the space charge injected 
from the ohmic ITO/MoO3 anode. Thus, the dark JV-curves are 
perfectly “well-behaved” and they are tractable in terms of drift-
diffusion theory developed by Wetzelaer et al.[42,43]
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Figure 2. Current–voltage characteristics for different polymer layer thick-
nesses, i.e., 14 nm (squares), 36 nm (circles), 45 nm (triangles), 66 nm 
(diamonds), measured a) in the dark, b) under broadband excitation at 
AM1.5, and c) under monochromatic excitation at 536 nm (2.3 eV) at 
7 mW cm−2. The filled symbols show the total current under illumination 
and the open symbols the dark current for each polymer layer thickness.
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recombination rather than with injection or extraction bar-
riers.[28] These experimental results at AM1.5 are consistent 
with reports by Yu et al. for PHJ cells made with SubPc and C60, 
for donor thicknesses from 10 to 40 nm,[24] and with reports by 
Petersen et al., for PHJ cells using a merocyanine dye as donor 
and C60 as acceptor.[17] It seems that this recombination effect 
depends on hole mobility since the s-shape of the JV-curve is 
lost when the PCDTBTstat is replaced by the p-DTS(FBTTh2)2 
that has an almost 100 times higher hole mobility (Figure 1d). 
A similar thickness-dependence of the s-shape also appears 
upon monochromatic excitation of 7 mW cm−2 of predomi-
nantly the donor at the maximum of its first absorption band 
(536 nm, about 2.3 eV), though it sets in at higher voltages. 
Similar results are obtained for excitation at 580 nm (2.1 eV, 
see Figure S2 in the Supporting Information). Since the C60 
still absorbs weakly at 2.3 eV, yet it does not absorb at 2.1 eV 
(see Figure 1), all subsequent monochromatic measurements 
were carried out at 2.1 eV. The radiant flux of 2.1 eV photons 
impinging on the sample is 6.7 mW cm−2.
A straightforward way to check whether or not the evolution 
of the s-shape PCDTBTstat/C60 diodes is indeed caused by charge 
carrier recombination is to measure the dependence of the pho-
tocurrent as a function of light intensity. Figure 3a shows that 
the short circuit photocurrents, measured at a photon energy of 
2.1 eV (580 nm), are perfectly linear with incident light inten-
sity up to 30 mW cm−2 and even up to 100 mW cm−2 broadband 
Figure 3. The total current as a function of illumination intensity, measured a) under short-circuit conditions (V = 0 V) and b) at V = 0.55 V. Values 
up to 30 mW cm−2 are for monochromatic illumination at 580 nm (2.1 eV), and values at 100 mW cm−2 are for broadband excitation at AM1.5. The 
dotted lines indicate a linear fit of the data points below 30 mW cm−2. For a c) 14 nm, d) 36 nm, and e) 66 nm thick polymer layer current–voltage 
characteristics are shown for different light intensities at 580 nm and AM1.5 illumination. The JV-characteristics are normalized as described in the text.
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where jphoto is the photocurrent obtained under illumination 
with intensity I, jdark is the dark current, and I0 is our refer-
ence intensity I0 = 6.7 mW cm−2. Note that if instead we had
normalized the JV-curves of the total current, we would also 
have implicitly multiplied the dark current by the normaliza-
tion factor 0
I
I
, thus introducing an artefact, and this is avoided 
by subtracting the dark current prior to the normalization and 
then adding it again afterwards.
Figure 3c–e compares the JV-curves obtained for different 
light intensities, normalized as just described to illumination 
with I0 = 6.7 mW cm−2, for different film thicknesses. We focus
on the voltage range between V = 0 V and V = VOC. It is evi-
dent that, as V approaches VOC, the JV-characteristics become 
more intensity dependent as the donor thickness increases. 
For diodes with 14 nm, the JV-curve normalized to light inten-
sity are indistinguishable, indicating that bimolecular effects 
cannot be important. For Lp = 36 nm diodes, some deviation 
is seen upon increasing the intensity (Figure 3d) and, for 
Lp = 66 nm, an s-shape develops (Figure 3e). The effect is more 
pronounced when the data measured under AM1.5 illumina-
tion are included. Figure 3 confirms that in the thicker diode 
bimolecular recombination becomes a loss process for photo-
carriers while this is not the case in the thinnest diode.
From Figure 3, we can read out the fill factor as a func-
tion of light intensity, shown in Figure 4. We find that for the 
Lp = 14 nm diode, the FF remains constant at about 67% as 
the illumination intensity changes by four orders of magnitude. 
For the Lp = 36 nm diode, the FF decreases from 61% to 50% 
while in the 66 nm diode FF drops from 51% to 22% under 
AM1.5 (Figure 4a). For reference, we also include the FF of the 
60 nm p-DTS(FBTTh2)2/C60 diode, which is 67%, i.e., the same 
as in the 14 nm PCDTBTstat/C60 diode at any intensity.
Figure 4a allows to differentiate between the contributions of 
geminate and nongeminate recombination to the overall reduc-
tion in fill factor. Let us assume that, for an ideal cell in the 
Shockley–Queisser limit, the maximum obtainable fill factor is 
excitation (AM1.5), suggesting that virtually no carriers are 
lost by bimolecular recombination. In contrast, when meas-
uring the photocurrent closer to the open-circuit voltage, e.g., 
at 0.55 V (Figure 3b), we observe a deviation from linearity that 
implies that bimolecular processes are now dominant.
We can use the observed linear dependence of jSC to nor-
malize our JV-curves to jSC, such as to compare their shapes. 
In Figure 3c–e, we thus assess how the light intensity affects 
the photocurrents as a function of voltage for different film 
thicknesses. Usually, comparing the JV-curves of solar cells 
under different high intensity illuminations is straightforward 
since in each case the dark current characteristic is negligible. 
A negligible contribution of the dark current is also tacitly 
assumed when calculating the fill factor, usually defined as the 
product of current and voltage at the maximum power point 
divided by the product of short-circuit current and open-circuit 
voltage.[1] However, this assumption is no longer valid when 
the light intensity decreases by up to three orders of magnitude 
because the dark current stays constant while the photocurrent 
decreases until the photocurrent eventually becomes compa-
rable or even smaller than the dark current. In order to avoid 
any artifacts associated with the dark current we subtracted the 
dark current from the total current, thus obtaining the photo-
current. This photocurrent was then normalized to the light 
intensity I0 = 6.7 mW cm−2 and the dark current was added 
again. Thus, the normalized current is given by 
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Figure 4. a) Fill factor for a polymer thickness of 14, 36, and 66 nm for 
different light intensities at an excitation wavelength of 580 nm. Dotted 
lines serve as guide to the eye. The fill factor obtained with AM1.5 illumi-
nation is also shown (on the right side of the dashed vertical line). The FF 
was calculated using the JV-curves shown in Figure 3. The fill factor for an 
identical bilayer cell made with 60 nm of the oligomer p-DTS(FBTTh2)2 is 
also shown (black star). On the right axis, the difference to an assumed 
ideal fill factor of 80% is indicated. The colored horizontal lines indicate 
the asymptotic value of the data at each thickness for infinitely low illu-
mination, obtained by extrapolation of a fit to the data. The difference 
between the horizontal lines and 80% is attributed to losses due to gemi-
nate recombination, and the difference between the horizontal lines and 
the data points (shaded area) is attributed to losses by nongeminate 
recombination. The vertical arrows and associated numbers indicate the 
NGR losses at AM1.5 (the arrows are slightly offset from 100 mW cm−2 
for clarity of display). b) Fill factors for different light intensities as a func-
tion of polymer layer thickness. The difference in FF between the data 
obtained at 0.02 mW cm−2 to 80% (densely shaded area) is attributed to 
losses by geminate recombination, and the difference between the data 
at 0.02 mW cm−2 and the data obtained at higher intensities such as 
100 mW cm−2 is attributed to nongeminate recombination.
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80%, in agreement with simulations of Bartesaghi et al.[5] The 
difference to the FF actually observed in the limit of the lowest 
illumination intensity can be assigned to predominantly gemi-
nate recombination. In Figure 4a, this value is indicated by a 
dashed line for each film thickness. The difference to this value 
that arises with increasing illumination intensity, however, can 
be attributed to nongeminate recombination losses, indicated 
by the shaded areas in Figure 4a. Evidently, the FF is reduced 
by predominantly GR for the thinnest donor layer, while the 
losses due to GR and NGR are equal at AM1.5 for the thickest 
layer investigated.
How the fill factor decreases with the thickness of the donor 
layer is illustrated in Figure 4b. The contributions from GR 
and from NGR are indicated by the red and green areas. While 
the FF value for the thin sample is, within the experimental 
error, independent of intensity, with increasing film thickness a 
slopes arises not only for broadband illumination at AM1.5 but 
also for monochromatic illumination at 0.02 mW cm−2, sug-
gesting a thickness dependence of geminate recombination.
For the subsequent analysis it is useful to convert the JV-plots 
into plots of the photocurrent as a function of the internal 
electric field. We calculated the internal field F according to 
F = (Vbuild-in − V)/(Lp + LC60), where Lp and LC60, are the thick-
nesses of the polymer donor layer and the C60 layer, V is the 
voltage applied to the diode and Vbuild-in is the voltage at which 
the photocurrent equals zero. In Figure 5a, we compare the 
field dependence of the photocurrents for different thicknesses 
of the donor layer taken under low light intensity and under 
AM1.5. The arrows indicate the field strengths corresponding 
to the short-circuit conditions for the OSCs with Lp = 14 nm 
and Lp = 66 nm, i.e., corresponding to V = 0 V. While the photo-
current is independent of electric field and illumination inten-
sities for high internal fields, (V < 0 V), there is a strong field 
dependence of the photocurrent for low internal fields, even at 
very low illumination intensity, which reflects the field depend-
ence of the dissociation of eh-pairs at the interface.[18] For refer-
ence, an internal field of 104 V cm−1 translates into a difference 
of less than 0.1 V to Vbuild-in.
This field dependence increases with light intensity and with 
increasing thickness of the polymer donor layer. The difference 
between the field dependent photocurrent for low and for high 
intensity, normalized to the current at AM1.5, is displayed in 
Figure 5b, from which the strong thickness dependence is par-
ticularly evident. Essentially, in Figure 5b, the current is corrected 
for the field dependence due to the geminate recombination, so 
that the data reflect the strong field and thickness dependence 
of the nongeminate recombination pathway. This difference 
between the photocurrent at high and low illumination intensi-
ties vanishes above saturation field Fsat of the photocurrent. This 
is the field at which all primarily generated eh-pairs are dissoci-
ated and are extracted by the electrodes. For F < Fsat an increasing 
fraction of eh-pairs execute a diffusive motion inside the cou-
lombic capture sphere. They are thus able to return to their 
siblings. As their concentration increases due to more intense 
illumination, they find recombination partners that are not their 
siblings. Figure 5b shows that this nongeminate recombination 
is particularly field dependent for thick donor layers.
To further probe the effect of film thickness on the dissocia-
tion of CT states, we carried out Monte Carlo simulations. In 
order to simplify the simulation we considered a bilayer OSC 
composed of an array of point sites with variable thickness 
of the donor layer, assuming that the electron remains sta-
tionary in the acceptor layer. As detailed in the methodology, 
the quantum yield ( )Fϕ  for electron–hole separation was calcu-
lated by averaging over 106 individual trials. In each trial, we 
created a single electron–hole pair at the interface. We kept the 
electron stationary while allowing the hole to execute a random 
walk in the potential created by the mutual Coulomb attraction 
Figure 5. a) Photocurrent as a function of internal field 
F   =  (Vbuild-in − V)/(Lp + LC60) for different polymer layer thicknesses, 
i.e., 14 nm (squares), 36 nm (circles), 45 nm (triangles), 66 nm
(diamonds), taken under 580 nm illumination with an intensity of
0.2 mW cm−2 (open symbols) and under AM1.5 illumination (filled sym-
bols). The field is calculated using Vbuild-in = 0.85 V for all thicknesses at 
AM1.5 and Vbuild-in = 0.76, 0,74, and 0.71 V for Lp = 14, 36, and 66 nm for 
580 nm excitation, respectively. The arrows indicate the field strengths 
corresponding to the internal field under short-circuit conditions for the 
OSCs with Lp = 14 nm (right arrow) and Lp = 66 nm (left arrow). b) Dif-
ference between photocurrent at 0.2 mW cm−2 and at AM1.5, normalized 
to the photocurrent at AM1.5, (j0.2 − jAM1.5)/jAM1.5, as a function of internal 
field for different film thicknesses.
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and the applied field. The trial was over when the hole reached 
either the collecting electrode or when it recombined with the 
electron. In this simulation, only monomolecular recombina-
tion is taken into account since only one electron–hole pair is 
considered for each trial. In addition to the MC simulations, 
we have also used an analytical expression to calculate the 
field dependent separation efficiency as developed by Rubel 
et al.[44] (see Section 5) which is in perfect agreement with 
the MC simulation. Compared to the experiment displayed in 
Figure 5, Figure 6 shows that the simulations predict a quali-
tatively similar shape of the dissociation yield as a function of 
field and, moreover, a similar evolution with film thickness as 
observed experimentally. The simulations do, however, predict 
a larger saturation field than found in experiment because in 
the simulation we ignored the effect that a low effective mass of 
the conjugated polymer has on the dissociation yield.[45] How-
ever, this does not alter the conclusions regarding the thickness 
dependence of recombination at low fields. In Figure 6 we see 
that the photocurrent yield is enhanced when the thickness of 
the donor transport layer is of the order of the Langevin capture 
radius (≈ 16 nm) and the yield reduces considerably with thick-
nesses up to ≈ 150 nm.
3. Discussion
Let us first summarize the essential experimental results. 
(i) In bilayer solar cells made with two different donors yet the
same donor layer thickness of about 60 nm, a s-shape occurs
for the donor with the lower hole mobility, yet not for the donor
with the higher hole mobility, consistent with Tress et al.[27]
(ii) The short circuit photocurrent in the bilayer diodes is linear
with light intensity but when the applied voltage approaches
VOC, the JV-curves acquire s-shape character as the thickness
of the donor layer increases (Figures 2 and 3). (iii) The fill fac-
tors increase and finally saturate at decreasing light intensity,
and the saturation values decrease with increasing donor layer
thickness (Figure 4). (iv) Losses in FF increase with increasing
film thickness for both, geminate recombination and non-
geminate recombination. (v) Above a critical electric field, Fsat, 
the photocurrent is saturated. For F < Fsat, the photocurrent 
decreases. This effect is stronger (i.e., the slope dj/dF is steeper) 
with increasing donor layer thickness and with increasing light 
intensity (Figure 5). (vi) The Monte Carlo simulations carried 
out in a strictly monomolecular regime reproduce the field and 
thickness dependence of the photocurrent that is experimen-
tally observed.
Based upon the present experimental results we shall criti-
cally examine the role of monomolecular, i.e., geminate, recom-
bination and of bimolecular, nongeminate recombination in 
organic solar cells, in particular with a view to the thickness 
dependence of the JV-curves.
The basic idea to account for the thickness dependence of 
the JV-curves is to consider the balance between charge extrac-
tion at the electrode and recombination of the electron–hole 
pair.[17,24] We stress that this is a field-dependent process. Let 
us first attend to the regime of very low excitation density, rep-
resented in the Monte Carlo simulation (Figure 6) and in the 
JV-curves under monochromatic illumination as displayed in 
Figures 2 and 5. After generation of an electron–hole pair, its 
hole diffuses in the combined potential of the Coulomb attrac-
tion by the electron and the internal field. If it does not leave the 
Langevin capture radius before recombining with the electron, 
i.e., if it has not truly been separated from its sibling electron,
this is termed primary geminate recombination according
to the IUPAC goldbook definition.[46] The Coulomb capture
radius, i.e., the Langevin radius, is given by 
4
Coul
2
B
r
e
k Tpi
= ,
and it is about 16 nm for a material with dielectric constant of 
3.5. We note that due to energetic disorder and charge delocali-
zation this is not a well-defined, sharp boundary but rather a 
blurred out range. Primary geminate recombination does not 
play a role in the thickness dependence of the photocurrent 
yield, as in our case the polymer donor layer was always equal 
or larger than the Langevin capture radius. However, in par-
ticular at low internal fields, i.e., close to VOC, it is also possible 
for the hole to separate from the electron by diffusing out of 
the Langevin capture radius, yet to enter it again at a later stage 
in its diffusive motion such as to return to its sibling electron. 
In chemical kinetics, recombination with the initial sibling 
countercharge after separation is known as secondary geminate 
recombination.[46]
Clearly, the rate of secondary geminate recombination 
depends on the thickness of the polymer donor layer. The 
thinner the polymer layer, the more likely it is that the hole in 
its diffusive motion meets the extracting electrode rather than 
returning to the electron. This is particularly true close to VOC, 
i.e., in the low field regime, where the diffusive regime is prom-
inent. The overall efficiency of geminate recombination is then
controlled by the competition between a thickness-dependent
charge extraction rate and a recombination rate that is inde-
pendent of thickness. This is analogous to the well-known
competition between NGR and extraction of free charges.[5]
We therefore conclude that geminate recombination reduces
the photocurrent close to VOC, i.e., for low internal fields
(Figure 5a), with this process being particularly important for
thicker polymer donor layers. Geminate recombination thus is
Figure 6. The probability of electron–hole separation as a function of 
internal field derived by Monte Carlo simulation (symbols) and derived 
by an analytical model (lines) for different thicknesses Lp of the polymer 
layer as described in the text.
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also responsible for a reduction in fill factor (Figure 4a) under 
low light intensities, i.e., in the monomolecular regime.
We shall now discuss the evolution of the shape of the 
JV-curves as well the fill factor at higher light intensities. In 
addition to the monomolecular, geminate recombination pro-
cesses, bimolecular processes can occur. The obvious process 
is nongeminate recombination from charges that, after photo-
excitation, diffused out of their Langevin radius and return 
diffusively to the interface such as to recombine with another 
opposite charge there. The probability for this process increases 
with both light intensity and thickness of the donor layer. It will 
also become more probably for lower fields that enable diffu-
sive return toward the interfacial layer. A further process that 
is possible is that one geminately bound pair can recombine 
with another geminately bound pair. While such a recombina-
tion of still primarily bound geminate pairs will also depend on 
intensity and field, it will not depend on film thickness. The 
ratio in the field dependence of the photocurrent for low and 
high intensity is displayed in Figure 5b. The stronger sensitivity 
to field for thick donor layers as compared to thinner donor 
layers thus directly reflects the increase in nongeminate recom-
bination compared to the geminate recombination channel. 
For fields exceeding the saturation field, there is no thickness 
dependence since the charges are free, so that there is neither 
geminate nor nongeminate recombination.
So far, we have analyzed the JV-curve in the framework 
of considering geminate and nongeminate recombination. 
The appearance of an s-shape can, however, also be related 
to other factors. In particular, barriers to charge extraction or 
injection, as well as low or unbalanced carrier mobilities have 
been identified as causes for low fill factors and s-shaped 
JV-curves.[27,28,47,48] In our studies, the only parameter that has 
been varied was the thickness of the donor layer. The appear-
ance of an s-shaped kink can therefore not be attributed to 
energy barriers or mobilities, as none of these change with film 
thickness.
Tress et al. further highlighted the role of low mobility and of 
imbalanced carrier mobility in reducing the fill factor of organic 
solar cells. Based on drift-diffusion simulations, Tress con-
cludes that low carrier mobilities as well as imbalanced carrier 
mobilities lead to a high carrier density at the donor–acceptor 
interface, thus promoting recombination.[27] The key point of 
his argument is thus based on considering the carrier density. 
An increased recombination due to charge accumulation at the 
interface is also brought forward by Yu et al. to account for the 
appearance of an s-shape with donor layer thickness in SubPc/
C70 based PHJ cells.[24] Consistent with their reasoning, we also 
find that an increased excitation density enhances recombina-
tion by adding the NGR channel. However, our key argument 
goes beyond this and also applies in the limit of vanishing 
carrier density. Charge accumulation at the interface is not 
required to reduce the fill factor. This is important as it implies 
that the carrier density does not need to be high or even in 
the range of the capacitor charge for the FF to be reduced by 
recombination losses.[7]
Clearly, the rate of carrier extraction, which prevents recombi-
nation, increases with mobility, even in the limit of considering 
a single electron–hole pair prone to geminate recombination. In 
the diffusive regime near VOC, the diffusion range Lp depends 
on the diffusivity D by pL Dτ= , with τ  being the carrier life-
time. Diffusivity is directly proportional to the carrier mobility 
by the Einstein relation eD kTµ= . The probability of a hole to 
diffuse to the collecting electrode rather than to return to its 
sibling electron, i.e., the extraction rate, therefore increases 
with mobility. In this way, increasing mobility increases the 
photocurrent yield near VOC and improves the fill factor even 
in the regime of low illumination intensity and in the limit of 
vanishing carrier density. This microscopic picture accounts for 
the observation by Proctor et al.,[31] that changes in morphology 
reduce both losses due to GR and NGR.
In a similar way, increasing the delocalization of charges 
should, and in fact does, also improve the extraction 
rate.[45,49–51] One factor that contributes to this is that excited 
states or charges that are well delocalized, i.e., with an extended 
wavefunction, can diffuse further in a disordered environ-
ment than localized charges due to geometric reasons.[52] A 
second, and perhaps more important factor relates to the fact 
that the binding energy of the eh-pair is reduced by an addi-
tional energy term when the eh-pair is more delocalized. In the 
case of on-chain wavefunction delocalization of a hole along a 
polymer chain, this additional energy arises from the zero-point 
oscillation of the delocalized hole in the pair potential. Math-
ematically, it can be expressed via a reduced effective mass of 
the hole, that can be as low as 0.1 times the electron mass for 
planarized or well-ordered polymers.[45,53] A similar effect can 
arise for crystalline assemblies of donor or acceptor molecules. 
An additional 200 meV of electrostatic energy has, for example, 
been reported by Gélinas et al. due to electron delocalization in 
ordered regions of the fullerene acceptor material.[50]
4. Conclusions
The stimulant for this work was that we wondered why in a 
thin bilayer OSC the fill factor can be as high as about 70% 
but decreases with increasing thickness of the polymeric donor 
layer (Lp). To this end we measured the JV-characteristics of 
bilayer diodes composed of PCDTBTstat donor layers with thick-
nesses ranging from 14 nm and 66 nm and a 30 nm thick 
C60 acceptor layer and light intensities ranging from 0.02 to 
100 mW cm−2. We find that at low light intensities the diode 
characteristics is strictly linear in intensity but the fill factor 
decreases from 67% to 50% when the thickness of the donor 
layer Lp increases from 14 nm to 66 nm. Supported by Monte 
Carlo simulations we argue that this decrease of FF is a sig-
nature of GR of holes that initially escaped from the Langevin 
capture sphere but can diffuse back toward the interface and 
can recombine with their siblings. The presence of an exit elec-
trode prevents back diffusion. Therefore the trade-off between 
GR and charge extraction becomes thickness dependent up to 
a layer thickness of a multiple of the Langevin capture radius.
Since GR is ultimately limited by the nonradiative decay of 
the charge transfer states at the donor–acceptor interface, the 
efficiency of hole extraction should increase with hole diffu-
sivity, i.e., hole mobility. Experiments with a diode in which 
the polymeric donor has been replaced by a 60 nm thick 
p-DTS(FBTTh2)2 layer that has an about 100 times higher
hole mobility confirms this expectation. The FF of a 60 nm
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OSC with p-DTS(FBTTh2)2 at AM1.5 has a higher value than 
the FF of a PCDTBTstat OSC with same thickness at 0.02 mW 
cm−2. Hence, the total losses of the p-DTS(FBTTh2)2 cell, i.e.,
GR and NGR, must be lower than the GR of the PCDTBTstat 
OSC (Figure 4). Thus, our results show that the limitation to 
the FF that is imposed by GR can be overcome by increasing 
the charge mobility. However, we stress that this effect is dif-
fusion controlled, and consequently mobility controlled rather 
than controlled by interfacial charging, as is the case of NGR.[24]
As the light intensity increases and finally approaches 
AM1.5 the JV-curves acquire an s-shape that becomes more 
pronounced as the layer thickness increases. This is a signature 
of the onset of bimolecular, i.e., nongeminate recombination, 
at the donor–acceptor interface. As is well known, ultimately 
the diode efficiency is controlled by the trade-off between – the 
thickness dependent – extraction and NGR. The effect of NGR 
depends strongly on the internal electric field and film thick-
ness (Figure 5b) due to interfacial charging.[24] Since the primary 
dissociation of charge transfer states at the interface is a field-
assisted process, at lower electric field more eh-pairs exist near 
the donor–acceptor interface, so that a back-diffusing charge can 
easily find a recombination partner other than their siblings.
The overall picture is summarized in Figure 7. At low light 
intensity, a hole executing a random walk within the Coulomb 
capture radius of its electron may recombine with its sibling 
prior to any escape (primary GR). If it diffuses out of the Cou-
lomb capture radius, it may be extracted at the electrode or 
it may diffuse back into the Coulomb capture radius such as 
to recombine with its sibling (secondary GR). Both processes 
are monomolecular. At high intensity, NGR will occur as addi-
tional, bimolecular process, as described above. In the frame-
work of this microscopic picture it becomes evident why any 
process that improves charge carrier mobility, e.g., increasing 
the degree of (short-range) order in a film by processing, 
reduces not only losses due to NGR but also losses due to GR 
through enhancing the extraction rate.[31]
Our results show that simple JV-experiments of bilayer OSCs 
with variable layer thickness and variable light intensity provide 
a simple tool to quantify the effect of GR and NGR because the 
origins of recombination – be it geminate or nongeminate – 
and charge extraction are spatially separated.
5. Experimental Section
The compound p-DTS(FBTTh2)2 was synthesized as described by van 
der Poll et al.[35]
Synthesis of the Polymer PCDTBT0.7/TPDDTBT0.3 (PCDTBTstat): 
PCDTBTstat (poly[(N-heptadecan-9′-yl)-2,7-carbazole-alt-5,5-(4′,7′-bis- 
(4-hexylthien-2-yl)-2′,1′,3′-benzothiadiazole)]0.7-stat-[N,N′-bis(4-meth-
ylphenyl)-N,N′-diphenylbenzidine-alt-5,5-(4′,7′′-bis-(4-hexylthien-2-
yl)-2′,1′,3′-benzothiadiazole)]0.3) was synthesized via Suzuki coupling 
according to the following procedure. The molar ratio of the carbazole, 
the phenyl-substituted benzidine, and the bisthienyl-benzothiadiazole 
units in PCDTBTstat was 0.7:0.3:1.
A Schlenk flask was charged with the monomers 2,7-bis-(4′,4′,5′,5′-
tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)-N-(heptadecan-9″-yl)-carbazole 
(0.368 g, 0.560 mmol), N,N′-bis(4-methylphenyl)-N,N′-bis((4′,4′,5′,5′-
tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)phenyl)-benzidine (0.184 g, 
0.239 mmol), 4,7-bis(5′-bromo-4′-hexylthien-2′-yl)-2,1,3-benzothiadiazole 
(0.501 g, 0.800 mmol) and 12 mL of toluene under argon. One drop 
of Aliquat 336 and 20 mL of 2 m Na2CO3 solution were added and the 
mixture was degassed by three freeze–thaw cycles. Afterward 14 mg of 
tetrakis(triphenylphosphine)palladium(0) were added and followed by 
again three freeze–thaw cycles. The reaction mixture was then stirred under 
reflux in an argon atmosphere for 90 h before bromobenzene (0.126 g, 
0.800 mmol) was added. After 2 h phenylboronic acid (0.098 g, 
0.800 mmol) was added and the reaction mixture was again refluxed 
overnight. The reaction mixture was allowed to cool to room temperature 
and the polymer was precipitated into methanol/water (10:1). Soxhlet 
extraction was carried out using acetone and toluene. The reduced toluene 
fraction was precipitated into methanol/water (10:1) and dried in vacuum 
overnight, yielding 0.669 g (93%) of PCDTBTstat as a dark-red powder. A 
molecular weight of 47 000 gmol−1 (Mw) and 18 000 gmol−1 (Mn) was
determined by size exclusion chromatography in THF solution with a 
polydispersity index of 2.56 (polystyrene calibration). The ionization 
potential was determined by photoelectron spectroscopy to be −5.2 eV. 
Adding the photon energy at maximum of the first absorption band yields 
−2.9 eV as a rough estimate for the ionization potential.
1H NMR (300 MHz, C2D2Cl4, 120 °C): δ  =  0.75–0.95 (m, CH3), 1.05–1.55 
(m, CH2), 1.75 (br, thiopheneCH2), 2.04 (br, carbazoleCH2), 2.23–2.44 
(m, benzidineCH3, carbazoleCH2), 2.63–2.95 (m, thiopheneCH2),
4.62 (br, CH), 6.92–8.22 (m, arCH). Broadened and multiple signals
were due to atropisomerism. From the integration of the signal for the
CH2 group in the swallow-tail spacer of the carbazole unit (2.04 ppm),
the combined signal for the methyl group in the benzidine units and the
other CH2 group in the carbazole spacer (2.23–2.44 ppm), and the signal 
for the CH2 groups in the hexyl spacer of the thiophene (1.75 ppm), a
molar ratio of 0.7:0.3:1 was calculated (for 1H NMR spectrum see the
Supporting Information).
Figure 7. Schematic illustrating the competition between recombination at the donor–acceptor interface and extraction at the electrode for the mono-
molecular process of geminate recombination and for the bimolecular process of nongeminate recombination. rc denotes the Coulomb capture radius 
(Langevin radius).
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Experiments: To fabricate the bilayer solar cells, ITO-coated substrates 
were covered with a patterned photoresist as described by Schwarz  
et al.[54] A 15 nm thick MoO3 (Sigma Aldrich) layer was evaporated on 
top of it. The donor (PCDTBTstat or p-DTS(FBTTh2)2) was spun onto 
this from chlorobenzene solution (7.0 mg mL−1). The thickness of the 
donor layer was controlled with a Dektak (Veeco) profilometer. T he 
donor was covered by subsequent thermal evaporation of a 30 nm thick 
C60 layer and a 100 nm thick aluminium cathode. The devices were 
annealed at 140 °C for 15 min. The complete solar cell fabrication was 
done in a nitrogen atmosphere using a glovebox with direct access to 
the evaporation chamber. In Figure S1 in the Supporting Information, 
additional measurements were also carried out on samples where  
(i) the annealing step was omitted, or (ii) annealing was omitted and 
a 5 nm thick BCP layer was evaporated between C60 and aluminum, or 
(iii) annealing was carried out for 15 min after C60 evaporation, prior to 
deposition of a 5 nm thick BCP layer and aluminum. Since it turned out 
that the shape of the JV-curves is in dependent on the diode preparation 
the authors used annealed samples with the structure ITO/MoO3/
donor/C60/Al since these feature particularly low dark current.
The current–voltage characteristics were measured in vacuum at room 
temperature under either broad band AM1.5 illumination employing a 
Newport sun simulator or under monochromatic illumination at 536 nm 
(2.3 eV) or 580 nm (2.1 eV), provided by a 450 W Xenon lamp (Osram) 
using a commercial monochromator. In the latter case the incident light 
intensity was varied by neutral optical density (OD) filters with optical 
densities of 0.5, 1.0, 1.5, 2.0, and 2.5. The light intensity impinging on 
the diode was measured using a Hamamatsu S1337-33BQ photodiode. 
Without OD filter, it was 7.1 mW cm−2 for 536 nm and 6.7 mW cm−2 
for 580 nm. The photocurrents were measured with a Keithley 236 and 
238 source-measure-unit.
To determine the fill factor of the photodiode at variable light 
intensities, both the dark current jdark(V) as well as the total current j(V) 
under illumination were measured. The difference is the photocurrent 
jphoto(V) =  j(V) − jdark(V). At low light intensities, one needs to take 
account of the fact that the dark current is independent on intensity 
while the photocurrent decreases with decreasing intensity. The authors 
did this by normalizing the photocurrent to the monochromatic light 
intensity without optical density (OD) filter. To do this, the photocurrent 
is multiplied by the ratio of the light intensity of monochromatic light 
without and with OD filters, and the dark current is added subsequently 
normalized photo
0
darkj V j V
I
I
j( ) ( )= ⋅



+ (2)
When the photocurrent is displayed as a function of internal field, the 
field was determined according to F  = (Vbuild-in − V)/(Lp − LC60) , with Lp 
being the layer of the polymer donor layer and LC60 being the thickness 
of the C60 acceptor layer (30 nm). The fields in the solar cells were 
calculated using Vbuild-in which was approximated by the voltage at which 
the photocurrent equals zero.
MIS-CELIV measurements were performed according to the 
procedure described in literature.[55,56] For both materials the same 
parameters were used. The layer thickness of p-DTS(FBTTh2)2 was 
100 nm and for PCDTBTstat 121 nm. A hole injection layer of 6 nm 
MoO3 was used. The voltage was supplied by a Rigol DG4102 function 
generator. The slope of the voltage ramp, the offset voltage, and the 
length of the voltage pulse were fixed to 0.1 V µs−1, 7 V, and 100 µs, 
respectively, for all measurements, to make sure that experimental 
conditions are identical for all compounds and samples. This ensures 
that observed trends and effects may be attributed to materials. The 
resulting current response signal was amplified using a Femto DHPCA-
100 current amplifier and recorded with a Tektronix TDS3000 digital 
phosphor oscilloscope. In all the measurements the authors applied a 
prebias voltage of 7 V for one minute to ensure equilibrium conditions.
Monte Carlo Simulations: The authors performed Monte Carlo 
simulations to model the extraction efficiency in a bilayer device as a 
function of the electric field for different donor layer thicknesses. The 
system consisted of a 1D array of points with a separation distance 
a = 1.5 nm and an interface at origin. At t = 0 a hole and an electron 
were placed in an adjacent configuration at the interface with a minimal 
separation. The electron position was fixed while the hole was allowed 
to move between neighboring points with a hopping rate ,i jν  given by a 
Miller–Abrahams expression
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where i is the hole residence site and j the target neighboring site, 
separated by a distance rij . The site energies iε  and jε  include
contributions from the Coulomb potential due to the presence of the 
electron at the interface and the voltage drop due to the externally 
applied field. The attempt-to-hop frequency was set to v0 = 10 ps−1, 
the relative permittivity to r = 4, and the inverse localization length 
to α  = 2 nm−1. At each Monte Carlo step the authors calculate a waiting 
time for each hopping event: 1 ln
,
Xij
i j
τ ν= −  and a waiting time for 
recombination between the electron–hole pair: lnXrτ τ= − , where τ  is
the electron–hole pair lifetime that increases exponentially with electron 
hole distance reh as 0 2 ( )ehe r aτ τ= α −  and X is a random number from
a box distribution between 0 and 1. The lifetime at close proximity is 
10000 0tτ =  with t0 being the minimum hopping time 
1
0
0
2t
v
e a= α .
The event with the smallest waiting time is is selected and executed. 
If the accepted event was a hop, then the authors updated the site 
of the hole and recalculated waiting times. If the chosen event was 
recombination, the authors removed the charges and started a new 
trial. Each trial terminated successfully when the electron–hole distance 
was larger than a given separation distance d, ranging from 16.5 nm to 
150 µm. By averaging over 106 trials the authors calculated the quantum 
yield for separation as: ( )
( )
( )
sep
tot
F
N F
N F
ϕ = , where Nsep(F) is the number of 
successful trials for an applied field F and Ntot(F) the total number of trials.
The authors also used an analytical expression to calculate the field 
dependent separation efficiency ( )Fϕ  as developed by Rubel et al.[44] This 
is derived from a rate equation model and reads 
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where 1ε  is the energy of the initially placed hole site at the interface 
right next to the electron and the index i runs from 1 to n − 1 with n 
being the site at distance d from the interface at which the authors 
considered that the hole was separated. The forward, with respect to the 
field direction, hopping rates , 1i iν +  were given by the Miller–Abrahams
expression described above.
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